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(54)  A  high-pass  filter,  particularly  for  cancelling  out  the  offset  in  a  chain  of  amplifiers 

(57)  The  high-pass  filter  described  comprises  at 
least  one  circuit  unit  constituted  by  a  first  branch  (A)  and 
a  second  branch  (B)  both  connected  to  an  input  (IN)  of 
the  filter  on  one  side  and,  on  the  other  side,  to  an  adder 
(OP)  the  output  of  which  is  the  output  (OUT)  of  the  filter. 
The  first  branch  (A)  comprises  means  (Rff)  for  transfer- 
ring  an  input  signal  substantially  without  modifying  its 
frequency  content,  and  the  second  branch  (B)  com- 
prises  a  low-pass  filter  (Rsc,  C'fil).  The  whole  is  of 

dimensions  such  that  the  components  of  the  input  sig- 
nal  with  frequencies  below  the  cut-off  frequency  of  the 
low-pass  filter  are  substantially  cancelled  out  at  the  out- 
put  of  the  adder. 

The  filter  is  suitable  for  being  produced  within  a  par- 
ticularly  small  area  in  an  integrated  circuit. 
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Description 

The  present  invention  relates  to  a  high-pass  filter 
particularly  suitable  for  use  for  cancelling  out  the  offset 
in  a  chain  of  amplifiers. 

As  is  known,  in  order  to  produce  an  amplifier  with  a 
very  high  gain,  several  amplifiers  are  connected  in  cas- 
cade  so  that  the  overall  gain  is  the  product  of  the  gains 
of  the  individual  stages.  It  is  also  known  that  each  stage 
has  an  "offset"  (the  voltage  which  has  to  be  applied  as 
an  input  in  order  to  have  a  zero  output  voltage)  which, 
although  it  can  be  reduced  to  very  low  values  by  suita- 
ble  structural  measures,  can  never  be  completely  elimi- 
nated.  A  typical  value  of  the  offset  for  a  differential 
operational  amplifier  with  a  voltage  gain  of  1  ,  formed  in 
a  bipolar  integrated  circuit,  is  between  2  and  3  mV.  In  a 
chain  of  amplifiers  of  this  type,  coupled  to  one  another 
directly,  with  an  overall  gain  of  40  dB,  the  overall  offset 
is  thus  between  200  and  300  mV. 

In  many  applications,  particularly  those  in  which  the 
dynamics  of  the  signal  to  be  amplified  are  low  and  the 
supply  voltage  of  the  amplifiers  is  also  low  as  in  the 
case  of  telephone-band  amplifiers,  these  offset  values 
are  not  acceptable. 

A  typical  method  of  eliminating  or  at  least  reducing 
the  effect  of  the  offset  between  two  amplifier  stages  in 
cascade  is  that  of  connecting  a  high-pass  filter,  that  is,  a 
direct-current  decoupler,  between  them.  A  known  filter 
is  shown,  for  example,  in  Figure  1  .  The  filter  consists  of 
a  differential  operational  amplifier  with  feedback  from 
each  output  by  means  of  a  capacitor  and  a  resistor,  Rf 
and  Cf,  in  parallel,  and  of  two  capacitors  Ci  in  series 
with  the  inputs.  The  transfer  function  of  the  filter,  as  volt- 
age,  is  given  by: 

u,  .  Vo  Ci  jco H(ra)=  vT  =  cl  I T "  
RfCf+Ja) 

in  which  Vo  and  Vi  indicate  the  output  and  input  volt- 
ages,  respectively,  and  in  which  the  capacitance  and 
resistance  values  are  indicated  by  the  same  symbols  as 
are  used  to  identify  the  corresponding  components  in 
the  drawing. 

This  function  has  a  single  pole  for 

raP=Rfef 

and  a  single  zero  at  a  frequency  of  zero.  The  filter  there- 
fore  allows  all  of  the  signals  with  frequencies  above  the 
cut-off  frequency  to  pass  and  blocks  any  direct-current 
component  present  at  its  input.  When  this  filter  is  con- 
nected  between  two  amplifiers,  it  therefore  completely 
cancels  out  the  offset  due  to  the  stages  upstream.  The 
only  remaining  offset  is  that  due  to  the  filter  itself  and, 
typically,  is  between  2  and  3  mV. 

The  known  filter  described  above  can  be  used 
advantageously  for  cancelling  out  the  offset  in  a  chain  of 

amplifiers.  When  used  in  an  integrated  circuit,  however, 
it  takes  up  a  fairly  large  area,  mainly  because  of  the 
capacitors  which  form  part  of  it. 

The  main  object  of  the  present  invention  is  to  pro- 
5  pose  a  high-pass  filter  which  has  functional  characteris- 

tics  similar  to  those  of  a  known  filter  of  the  type 
described  above  but  which  can  be  used  in  an  integrated 
circuit  with  less  wastage  of  area. 

This  object  is  achieved  by  the  provision  of  the  high- 
10  pass  filter  characterized  in  general  in  Claim  1  . 

The  invention  will  be  understood  better  from  the  fol- 
lowing  detailed  description  of  an  embodiment  thereof 
given  by  way  of  non-limiting  example  with  reference  to 
the  appended  drawings,  in  which: 

15 
Figure  1  ,  which  has  already  been  described,  is  the 
circuit  diagram  of  a  known  high-pass  filter, 

Figure  2  is  a  block  diagram  of  the  high-pass  filter 
20  according  to  the  invention, 

Figure  3  is  the  circuit  diagram  of  a  single-ended  ver- 
sion  of  the  high-pass  filter  according  to  the  inven- 
tion, 

25 
Figure  4  is  the  circuit  diagram  of  a  differential  ver- 
sion  of  the  high-pass  filter  according  to  the  inven- 
tion,  and 

30  Figure  5  is  a  circuit  diagram  similar  to  that  of  Figure 
4  with  two  variations. 

In  Figure  2,  the  high-pass  filter  according  to  the 
invention  is  shown  by  a  single  circuit  unit  constituted  by 

35  two  branches,  indicated  A  and  B,  and  by  an  adder.  The 
branch  A  comprises  circuit  means  for  transferring  an 
input  signal  substantially  without  modifying  its  fre- 
quency  content  and  the  branch  B  comprises  a  low-pass 
filter.  At  one  end,  both  of  the  two  branches  are  con- 

40  nected  to  the  input  IN  of  the  filter  and  at  the  other  end 
the  two  branches  are  connected  to  two  inputs,  indicated 
a+  and  b-,  of  the  adder.  The  output  of  the  adder  is  the 
output  of  the  filter. 

The  transfer  means  of  the  branch  A,  the  low-pass 
45  filter  of  the  branch  B  and  the  adder  are  of  dimensions 

such  that  the  components  of  the  input  signal  which  have 
frequencies  below  the  cut-off  frequency  of  the  low-pass 
filter  are  substantially  cancelled  out  at  the  output  of  the 
adder.  In  the  embodiment  shown,  this  occurs  on 

so  account  of  the  fact  that  the  signals  at  the  inputs  a+  and 
b-  of  the  adder  are  substantially  in  phase  with  one 
another  and  have  the  same  amplitude  but  have  opposite 
signs.  Clearly,  therefore,  signals  with  frequencies 
greater  than  the  cut-off  frequency  pass  through  the  filter 

55  unaltered,  whilst  those  of  lower  frequencies  cannot 
pass  through  because  their  algebraic  sum  is  zero.  In 
other  words,  a  high-pass  filter  is  formed  by  a  low-pass 
filter  and  an  adder. 

2 
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Figure  3  shows  a  practical  embodiment  of  the  block 
diagram  of  Figure  2.  The  transfer  means  are  constituted 
by  a  resistor  Rff  and  the  low-pass  filter  is  constituted  by 
a  filter  cell  formed  by  a  series  resistor  Rsc  and  by  a 
capacitor  C'fil  in  a  by-pass  towards  the  earth  terminal, 
by  an  invertor  INV  connected  to  the  connection  point 
between  the  resistor  Rsc  and  the  capacitor  C'fil,  which 
is  the  output  of  the  cell,  and  by  a  second  resistor  Rx  in 
series  with  the  output  of  the  inverter  INV.  The  adder  is 
constituted  by  an  operational  amplifier  OP  having  its 
non-inverting  input  connected  to  a  common  reference 
terminal,  in  this  case  the  earth  terminal,  and  its  inverting 
input  connected  to  the  circuit  node  N  which  connects 
the  two  resistors  Rff  and  Rx.  The  two  resistors  Rff  and 
Rx  have  substantially  the  same  resistance  and  the 
operational  amplifier  is  provided  with  feedback  by 
means  of  a  resistor  Rfb  between  its  output  and  its 
inverting  input. 

Figure  4  shows  the  differential  version  of  the  filter 
according  to  the  invention.  It  consists  of  two  circuit  units, 
each  with  first  and  second  branches  of  which  the  com- 
ponents  which  are  similar  to  those  of  the  filter  of  Figure 
3  are  identified  by  means  of  the  suffixes  1  and  2, 
respectively,  and  of  an  adder  constituted  by  a  differential 
operational  amplifier,  indicated  D-OP.  Unlike  the  filter  of 
Figure  3,  there  is  a  separator  (a  buffer)  in  each  of  the 
two  second  branches,  instead  of  the  inverter  and, 
instead  of  each  filter  cell  having  its  own  capacitor  con- 
nected  to  a  reference  terminal,  which  would  also  be 
possible,  the  filter  cells  have  a  common  capacitor,  indi- 
cated  Cfil,  connected  between  the  outputs  of  the  cells, 
that  is,  between  the  terminals  of  the  resistors  Rsc1  and 
Rsc2.  These  resistors  form  parts  of  the  second 
branches  of  the  first  and  second  circuit  units,  respec- 
tively,  and  each  has  one  terminal  connected  to  the 
respective  buffer  Bf1  or  Bf2.  The  other  terminal  of  each 
of  the  two  resistors  Rsc1  and  Rsc2  is  connected, 
together  with  a  terminal  of  the  resistor  Rff  1  and  Rff2  of 
the  first  branch  of  the  respective  unit,  to  the  differential 
input  terminals  IN1  and  IN2  of  the  filter.  The  output  of 
the  first  branch  of  the  first  unit,  that  is,  the  other  terminal 
of  the  resistor  Rff  1  and  the  output  of  the  second  branch 
of  the  second  unit,  that  is,  a  terminal  of  the  resistor  Rx2, 
are  joined  together  at  a  first  circuit  node,  indicated  N1, 
which  is  connected  to  the  non-inverting  terminal  of  the 
operational  amplifier  D-OP.  The  output  of  the  first 
branch  of  the  second  unit,  that  is,  the  other  terminal  of 
the  resistor  Rff2,  and  the  output  of  the  second  branch  of 
the  first  unit,  that  is,  a  terminal  of  the  resistor  Rx1  ,  are 
joined  together  at  a  second  circuit  node,  indicated  N2, 
which  is  connected  to  the  inverting  terminal  of  the 
amplifier  D-OP.  As  a  result  of  this  cross-over  connec- 
tion,  the  signals  which  arrive  at  the  first  node  N1,  like 
those  which  arrive  at  the  second  node  N2,  always  have 
opposite  signs  so  that  the  same  subtraction  result  is 
achieved  as  was  obtained  by  the  circuit  of  Figure  3 
including  the  invertor  INV. 

The  differential  operational  amplifier  has  two  feed- 
back  resistors  Rfb1  and  Rfb2,  connected  between  the 

respective  input  and  output  terminals.  The  values  of  the 
resistors  Rfb1  and  Rfb2  are  preferably  selected  so  that, 
taking  account  of  the  input  resistance  values,  the  ampli- 
fier  has  a  gain  of  1  . 

5  Clearly,  however,  the  operation  of  the  filter  accord- 
ing  to  the  invention  does  not  change  if  the  gain  is  other 
than  1  . 

The  transfer  function  of  the  filter  is: 

10 

15 

25 

Rff 
w  D(u  1  -  51  +j«Rsc2Cfil 

I,,  .  _  Vo  _  Rfb  Rx  ' 
(<£>)  "  Vi  "  Rff  1  +jcoRsc2Cfil 0) 

15  in  which  Vi  and  Vo  are  the  differential  input  and  output 
voltages,  respectively,  Cfil  is  the  capacitance  of  the 
capacitor  indicated  by  the  same  symbol  in  Figure  4,  and 
Rff,  Rfb,  Rx  and  Rsc  are  the  resistances  of  the  resistors 
indicated  by  the  same  symbols,  with  the  addition  of  a 

20  suffix  1  or  2  in  Figure  4. 
If  Rff  is  equal  to  Rx,  that  is,  if  equal  values  are 

selected  for  the  resistors  Rff  1  ,  Rff2,  Rx1  and  Rx2,  the 
transfer  function  becomes: 

H(o>): Rfb  jcoRsc2Cfil  Rfb 
Rff  1+jooRsc2Cfil  "  Rff 

jco 

Ric2Cfii+j(0 

30  from  which  it  can  be  seen  that  the  filter  has  a  single 
pole: 

cop  : 
1 

Rsc2Cfil 

35  that  is,  it  has  a  pole  at  the  same  frequency  as  the  pole 
of  the  transfer  function  of  the  known  filter  of  Figure  1  ,  if 
Rsc  =  Rf  and  Cfil  =  Cf/2  ,  and  a  single  zero  at  zero  fre- 
quency,  like  the  known  filter. 

It  should  be  pointed  out  that,  if  the  resistances  Rff 
40  and  Rx  are  not  equal,  the  filter  has  a  zero  for  a  fre- 

quency  other  than  zero,  as  can  easily  be  seen  by  look- 
ing  at  equation  (1).  This  means  that  a  direct-current 
component  at  the  input  of  the  filter  is  not  cancelled  out. 
In  practice,  however,  it  is  possible  to  produce  resist- 

45  ances  Rff  and  Rx  with  a  variation  of  less  than  1%,  which 
results  in  a  wholly  negligible  deviation  from  the  theoreti- 
cal  case.  In  a  practical  embodiment  of  a  filter  with  a  can- 
celling  efficiency  of  40dB  connected  for  cancelling  out 
the  offset  in  a  chain  in  which  the  offset  of  the  amplifier 

so  stages  upstream  of  the  filter  was  about  400  mV,  there 
was  a  residual  offset  of  about  4  mV. 

Another  aspect  to  be  evaluated  is  that  of  the  offset 
introduced  by  the  filter  itself.  This  offset  is  due  partly  to 
the  buffers  Bf1  and  Bf2  and  partly  to  the  operational 

55  amplifier  D-OP  of  the  adder.  In  the  practical  embodi- 
ment  mentioned  above,  in  which  the  overall  gain  of  the 
filter  was  equal  to  1  (that  is,  with  Rx  =  Rff  =  Rfb),  it  has 
been  found  that  the  total  offset  was  3-4  mV,  that  is,  little 
greater  than  that  introduced  by  the  known  filter  of  Figure 

3 
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1  .  The  sum  of  the  offset  due  to  the  filter  and  of  the  resid- 
ual  offset,  in  terms  of  power,  was  between  5  and  6  mV, 
that  is,  not  much  greater  than  the  offset  of  the  filter  itself. 

It  can  be  seen  from  the  foregoing  that  the  total  off- 
set  introduced  by  the  filter  according  to  the  invention  is 
about  twice  that  of  the  known  filter.  However,  the  value 
involved  is  very  low  and  is  certainly  acceptable  in  most 
practical  applications,  in  any  case  involving  a  slight 
worsening  of  the  performance  for  which  the  benefits 
due  to  the  saving  in  area  when  the  filter  is  formed  in  an 
integrated  circuit  are  ample  compensation.  This  saving 
is  due  to  the  fact  that,  with  reference  to  the  embodiment 
shown  in  Figure  4,  the  filter  according  to  the  invention 
requires  a  single  capacitor,  as  against  the  four  of  the 
known  filter  shown  in  Figure  1  . 

The  advantages  of  the  filter  according  to  the  inven- 
tion  in  comparison  with  the  known  filter,  can  be  evalu- 
ated  in  two  ways:  by  considering  the  same  value  for  the 
resistors  Rf  (Figure  1)  and  Rsc  (Figure  4),  or  by  assign- 
ing  the  same  total  capacitance  (4Cf  =  Cfil  )  to  both  of 
the  filters. 

In  the  first  case  (Rf  =  Rsc),  for  the  same  value  of 
the  pole,  and  assuming  unitary  gain  in  the  pass  band, 
the  known  solution  requires  an  overall  capacitance  eight 
times  larger  than  that  required  by  the  filter  according  to 
the  invention.  The  latter,  however,  requires  six  more 
resistors  (Rff1,  Rff2,  Rx1,  Rx2,  Rfb1  and  Rfb2),  but  the 
area  required  by  these  resistors  is  much  less  than  that 
saved  by  virtue  of  the  lower  overall  capacitance.  It  was 
clear  from  a  comparison  between  the  two  practical  cir- 
cuits  that  the  area  taken  up  by  the  filter  according  to  the 
invention  was  less  than  a  quarter  of  that  of  the  known  fil- 
ter. 

In  the  second  case  (4Cf  =  Cfil  ),  for  the  same  value 
of  the  pole,  that  is: 

_  J   1 _  00  "  RfCf  "  Rsc2Cfil 

Rf  should  equal  8Rsc. 
Both  of  these  resistors  have  a  high  value  and,  in 

order  to  form  them  in  the  smallest  possible  area,  they 
have  to  be  formed  by  the  switched  capacitor  technique. 
It  can  be  shown  that,  to  achieve  the  equivalent  resist- 
ances  necessary  in  the  two  cases  by  this  technique,  the 
clock  frequency  for  the  switching  of  the  switched  capac- 
itors  in  the  known  filter  has  to  be  eight  times  lower  than 
that  necessary  for  the  filter  according  to  the  invention. 
This  raises  the  problem  of  area  again.  In  fact,  with  the 
known  circuit,  in  order  to  eliminate  the  clock  frequency, 
a  direct-current  filter  with  a  cut-off  frequency  eight  times 
lower  than  that  necessary  for  the  circuit  according  to  the 
invention,  and  thus  a  time  constant  and  hence  an  area 
for  the  respective  capacitors  eight  times  larger  is 
required.  In  this  connection,  it  is  interesting  to  note  that 
with  the  circuit  according  to  the  invention,  a  separate  fil- 
ter  (in  practice  another  operational  amplifier)  for  carry- 
ing  out  this  function  can  be  omitted.  It  suffices,  however, 
to  connect  a  capacitor  with  a  small  capacitance  in  paral- 
lel  with  each  of  the  feedback  resistors  Rfb1  and  Rfb2, 

which  introduces  a  further  pole  and  enables  the  clock 
frequency  to  be  filtered  out.  A  variant  of  the  filter  accord- 
ing  to  the  invention  which  also  includes  these  additional 
capacitors,  indicated  Cfb1  and  Cfb2,  is  shown  in  Figure 

5  5.  In  this  drawing,  a  single  differential  buffer  circuit  D-BF 
is  provided  instead  of  the  two  separate  buffers  Bf  1  and 
Bf2  as  a  further  variation  in  comparison  with  the  circuit 
of  Figure  4. 

It  is  important  to  point  out  that,  by  virtue  of  the 
10  smaller  area  required  by  the  filter  according  to  the 

invention,  more  than  one  filter  can  be  inserted  in  an 
amplifier  constituted  by  a  chain  of  amplifier  stages,  thus 
achieving  still  a  saving  of  area  and  also  a  smaller  overall 
offset  of  the  chain  with  clear  advantages  as  regards  the 

15  dynamics  and  linearity  of  the  amplifier  as  a  whole. 

Claims 

1  .  A  high-pass  filter,  characterized  in  that  it  comprises 
20  at  least  one  circuit  unit  constituted  by  a  first  branch 

(A)  and  a  second  branch  (B)  both  connected  to  an 
input  (IN)  of  the  filter  on  one  side  and,  on  the  other 
side,  to  an  adder  (OP)  the  output  of  which  is  the 
output  (OUT)  of  the  filter,  the  first  branch  (A)  com- 

25  prising  means  (Rff)  for  transferring  an  input  signal 
substantially  without  modifying  its  frequency  con- 
tent,  and  the  second  branch  (B)  comprising  a  low- 
pass  filter  (Rsc,  C'fil),  the  transfer  means,  the  low- 
pass  filter  and  the  adder  being  of  dimensions  such 

30  that  the  components  of  the  input  signal  with  fre- 
quencies  below  the  cut-off  frequency  of  the  low- 
pass  filter  are  substantially  cancelled  out  at  the  out- 
put  of  the  adder. 

35  2.  A  high-pass  filter  according  to  Claim  1  ,  having  a  ref- 
erence  terminal  common  to  the  input  and  to  the  out- 
put  and  comprising  a  single  circuit  unit,  in  which  the 
transfer  means  of  the  first  branch  (A)  comprise  a 
series  resister  (Rff),  and  the  low-pass  filter  of  the 

40  second  branch  (B)  comprises  a  low-pass  filter  cell 
(Rsc,  C'fil),  an  invertor  (INV)  connected  to  the  out- 
put  of  the  low-pass  filter  cell,  and  a  second  resistor 
(Rx)  connected  in  series  with  the  output  of  the 
inverter,  the  first  and  second  resistors  having  sub- 

45  stantially  the  same  resistance. 

3.  A  high-pass  filter  according  to  Claim  1  or  Claim  2,  in 
which  the  adder  comprises  an  operational  amplifier 
(OP)  having  its  non-inverting  input  connected  to  the 

so  common  reference  terminal  and  its  inverting  input 
connected  to  a  circuit  node  (N)  to  which  the  outputs 
of  the  first  and  second  branches  (A,  B)  are  con- 
nected. 

55  4.  A  high-pass  filter  according  to  Claim  1  ,  with  differ- 
ential  input  and  output,  comprising  first  and  second 
circuit  units,  in  which: 
the  transfer  means  of  the  first  branch  of  each  unit 
comprises  a  first  series  resistor  (Rff  1  ,  Rff2),  and 
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the  low-pass  filter  of  the  second  branch  of  each  unit 
comprises  a  low-pass  filter  cell  (Rsc1  ,  Rsc2,  Cfil),  a 
buffer  stage  (BF1  ,  Bf2)  connected  to  the  output  of 
the  low-pass  filter  cell,  and  a  second  resistor  (Rx1  , 
Rx2)  connected  in  series  with  the  output  of  the  5 
buffer,  the  first  and  second  resistors  of  each  unit 
having  substantially  the  same  resistance. 

5.  A  high-pass  filter  according  to  Claim  4,  in  which  the 
adder  comprises  a  differential  operational  amplifier  10 
(D-OP)  with  its  non-inverting  input  connected  to  a 
first  circuit  node  (N1)  to  which  the  output  of  the  first 
branch  of  the  first  unit  and  the  output  of  the  second 
branch  of  the  second  unit  are  connected,  and  with 
its  inverting  input  connected  to  a  second  circuit  15 
node  (N2)  to  which  the  output  of  the  first  branch  of 
the  second  unit  and  the  output  of  the  second 
branch  of  the  first  unit  are  connected. 

6.  A  high-pass  filter  according  to  Claim  5,  in  which  the  20 
differential  operational  amplifier  (D-OP)  has  two 
feedback  circuits  each  comprising  a  resistor  (Rfb1  , 
Rfb2)  and  a  capacitor  (Cfb1  ,  Cfb2)  in  parallel. 

7.  A  high-pass  filter  according  to  Claim  4,  Claim  5,  or  25 
Claim  6,  in  which  each  low-pass  filter  cell  com- 
prises  a  series  resistor  (Rsc;  Rsc1,  Rsc2)  and 
capacitive  by-pass  means. 

8.  A  high-pass  filter  according  to  Claim  7,  in  which  the  30 
capacitive  means  of  the  two  low-pass  filter  cells 
have  a  capacitor  in  common  (C'fil;  Cfil). 

9.  A  high-pass  filter  according  to  any  one  of  Claims  4 
to  8,  in  which  the  buffer  stages  of  the  two  units  form  35 
part  of  the  same  differential  circuit  (D-BF). 

10.  An  amplifier  constituted  by  a  chain  of  amplifier 
stages  in  cascade  and  at  least  one  high-pass  filter 
according  to  any  one  of  the  preceding  claims  con-  40 
nected  in  the  chain. 
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